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Abstract
A direct WIMP (Weakly Interacting Massive Particle) detector with a neutron veto sys-
tem is designed to better reject neutrons. An experimental configuration is studied in the
present paper: 984 Ge modules are placed inside a reactor neutrino detector. In order to
discriminate between nuclear and electron recoil, both ionization and heat signatures are
measured using cryogenic germanium detectors in this detection. The neutrino detector
is used as a neutron veto device.The neutron background for the experimental design has
been estimated using the Geant4 simulation. The results show that the neutron back-
ground can decrease to O(0.01) events per year per tonne of high purity Germanium.
We calculate the sensitivity to spin-independent WIMP-nucleon elastic scattering. An
exposure of one tonne × year could reach a cross-section of about 2×10−11 pb.
Keywords: Dark matter, Neutron background, Neutrino detector, High purity germa-
nium
PACS numbers: 95.35.+d, 95.55.Vj, 29.40.Mc
1 Introduction
In direct searches for WIMPs, there are three different methods used to detect the
nuclear recoils, including collecting ionization, scintillation and heat signatures in-
duced by them. The background of this detection is made up of electron recoils
produced by γ and β scattering off electrons, and nuclear recoils produced by
neutrons scattering elastically off target nuclei. Nuclear recoils can be efficiently
discriminated from electron recoils with pulse shape discrimination, hybrid mea-
surements and so on. The rejection powers of these techniques can even reach 106
[1, 2]. For example, the CDMS-II [1] and EDELWEISS-II [3] experiments measure
both ionization and heat signatures using cryogenic germanium detectors in order
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to discriminate between nuclear and electron recoils, and the XENON100 [4] and
ZEPLIN-III [5] experiments measure both ionization and scintillation signatures
using two-phase xenon detectors. However, it is very difficult to discriminate be-
tween nuclear recoils induced by WIMPs and by neutrons. This discrimination
and reduction of neutron backgrounds are the most important tasks in direct dark
matter searches.
The cross-sections of neutron-nuclei interactions are much larger than those of
WIMP-nuclei, so the multi-interactions between neutrons and detector components
are applied to tag neutrons and thus separate WIMPs from neutrons. In the
ZEPLIN-III experiment, the 0.5% gadolinium (Gd) doped polypropylene is used
as the neutron veto device, and its maximum tagging efficiency for neutrons reaches
about 80% [6]. In Ref. [7], the 2% Gd-doped water is used as the neutron veto,
and its neutron background can be reduced to 2.2 (1) events per year per tonne
of liquid xenon (liquid argon). In our past work [8], the reactor neutrino detector
with 1% Gd-doped liquid scintillator (Gd-LS) is used as the neutron veto system,
and its neutron background can be reduced to about 0.3 per year per tonne of
liquid xenon. These neutron background events are mainly from the spontaneous
fission and (α, n) reactions due to 238U and 232Th in the photomultiplier tubes
(PMTs) in the liquid xenon.
Because of its advantages of the low background rate, energy resolutions and
low energy threshold, high purity Germanium (HPGe) is widely applied in dark
matter and neutrino-less double beta decay experiments[1, 3, 9, 10, 11]. In our
work, the cryogenic 73Ge is used as a WIMP target material and WIMPs are de-
tected by both ionization and heat channels (like the CDMS-II and EDELWEISS-II
experiments). A detector configuration that can shield and tag neutrons will bet-
ter reject neutron background in dark matter experiments. The feasibility of direct
WIMPs detection with the neutron veto based on the neutrino detector had been
validated in our past work[8]. So, in the present paper, a neutrino detector with
Gd-LS (1% Gd-doped) is still used as a neutron-tagged device and WIMP detec-
tors with HPGe targets(called Ge modules) are placed inside the Gd-LS. Here we
designed an experimental configuration: 984 Ge modules are individually placed
inside four reactor neutrino detector modules which are used as a neutron veto
system. The experimental hall of the configuration is assumed to be located in
an underground laboratory with a depth of 910 meter water equivalent (m.w.e.),
which is similar to the far hall in the Daya Bay reactor neutrino experiment[12].
The neutron background for this design are estimated using the Geant4[14] simu-
lation.
The basic detector layout will be described in the section 2. Some features of the
simulation in our work will be described in the section 3. The neutron background
of the experimental configuration will be estimated in the section 4. The other
background will be roughly estimated in the section 5. We give a conclusion in
the section 6.
2 Detector description
Four identical WIMP detectors with HPGe targets are individually placed inside
four identical neutrino detector modules. The experimental hall of this experi-
mental configuration is assumed to be located in an underground laboratory with
a depth of 910 m.w.e., which is similar to the far hall in the Daya Bay reactor
neutrino experiment. The detector is located in a cavern of 20×20×20 m3. The
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four identical cylindrical neutrino modules (each 413.6 cm high and 393.6 cm in
diameter) are immersed into a 13×13×8 m3 water pool at a depth of 2.5 meters
from the top of the pool and at a distance of 2.5 meters from each vertical surface
of the pool. The detector configuration is shown in Fig.1.
Each neutrino module is partitioned into three enclosed zones. The innermost
zone is filled with the 1% Gd doped liquid scintillator[8](2.6 m height, 2.4 m in
diameter), which is surrounded by a zone filled with unloaded liquid scintilla-
tor (LS)(35cm thickness). The outermost zone is filled with transparent mineral
oil(40cm thickness)[13]. 366 8-inch PMTs are mounted in the mineral oil. These
PMTs are arranged in 8 rings of 30 PMTs on the lateral surface of the oil region,
and 5 rings of 24, 18, 12, 6, 3 on the top and bottom caps.
Each WIMP detector consists of a outer copper vessel(144.6 cm height, 82.8
cm in diameter and 0.8 cm thickness) which is surrounded a Aluminum(Al) reflec-
tor(0.2cm thickness) and inner copper vessel(116.6 cm height, 54.8 cm in diameter
and 0.5 cm thickness). There is a vacuum zone between the outer and inner copper
vessels (about 13 cm thickness). The part inside the inner copper vessel is made up
of two components: the upper component is a cooling system with liquid Helium
of very high purity(32 cm height, 54.8 cm in diameter) and the lower one is an
active target of 246 Ge modules arranged in 6 columns (each column includes 4
rings of 20, 14, 6, 1). Each Ge module is made up of a copper vessel and a HPGe
target: there is a HPGe target(6.2 cm height, 6.2 cm in diameter, ∼1 kg) in a 0.1
cm thick copper vessel (12.6 cm height, 6.4 cm in diameter).
3 Some features of simulation
The Geant4 (version 8.2) package[14] has been used in our simulations. The physics
list in the simulations includes transportation processes, decay processes, low en-
ergy processes, electromagnetic interactions (multiple scattering processes, ion-
ization processes, scintillation processes, optical processes, cherenkov processes,
Bremsstrahlung processes, etc.) and hadronic interactions (lepton nuclear pro-
cesses, fission processes, elastic scattering processes, inelastic scattering processes,
capture processes, etc.). The cuts for the productions of gammas, electrons and
positrons are 1 mm, 100 µm and 100µm, respectively. The quenching factor is
defined as the ratio of the detector response to nuclear and electron recoils. The
Birks factor for protons in the Gd-LS is set to 0.01 g/cm2/MeV, corresponding to
the quenching factor 0.17 at 1 MeV, in our simulation.
4 Neutron background estimation
In order to reject neutrino background, the recoil energy was set to a range from
10 keV to 100 keV in this work. Multi-scattering with the detector, neutrons can
be tagged by the Ge modules each other. But there is deposit energy in only
a Ge module for a WIMP interaction. Proton recoils induced by neutrons and
neutron-captured signals are used to tag neutrons which reach the Gd-LS. The
energy deposition produced by proton recoils is close to a uniform distribution.
Neutrons captured on Gd and H lead to a release of about 8 MeV and 2.2 MeV
of γ particles, respectively. Due to the instrumental limitations of the Gd-LS, we
assume neutrons will be tagged if their energy deposition in the Gd-LS is more than
1 MeV, corresponding to 0.17 MeVee (electron equivalent energy). In the Gd-LS, it
is difficult to distinguish signals induced by neutrons from electron recoils, which
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are caused by the radioactivities in the detector components and the surrounding
rocks. But these radioactivities can be controlled to less than ∼ 50 Hz according
to the Daya Bay experiment[12]. If we assume a 100 µs for neutron tagging time
window, the indistinguishable signals due to the radioactivities will result in a total
dead time of less than 44 hours per year.
Neutrons are produced from the detector components and their surrounding
rock. For the neutrons from the surrounding rock there are two origins: first by
spontaneous fission and (α, n) reactions due to 238U and 232Th in the rock (these
neutrons can be omitted because they are efficiently shielded, see Sec.4.2), and
secondly by cosmic muon interactions with the surrounding rock.
We estimated the number of neutron background in the Ge target of one tonne.
This number has been normalized to one year of data taking and are summarized
in Tab.1.
4.1 Neutron background from detector components
Neutrons from the detector components are induced by (α, n) reactions due to U
and Th. According to Mei et al.[15], the differential spectra of neutron yield can
be expressed as
Yi(En) = Ni
∑
j
Rα(Ej)
Smi (Ej)
Ej∫
0
dσ(Eα, En)
dEα
dEα
where Ni is the total number of atoms for the i
th element in the host material,
Rα(Ej) refers to the α-particle production rate for the decay with the energy Ej
from 232Th or 238U decay chain, Eα refers to the α energy, En refers to the neutron
energy, and Smi is the mass stopping power of the i
th element.
4.1.1 Neutrons from copper vessels
In the copper vessels, neutrons are produced by the U and Th contaminations
and emitted with their average energy of 0.81 MeV[15]. Their total volume is
about 5.4× 104 cm3. The radioactive impurities Th can be reduced to 2.5× 10−4
ppb in some copper samples[16] If we conservatively assume a 0.001 ppb U/Th
concentrations in the copper material[17], a rate of one neutron emitted per 4×104
cm3 per year is estimated[7]. Consequently, there are 1.3 neutrons produced by
the all copper vessels per year.
The simulation result is summarized in Tab.1. 0.39 neutron events/(ton·yr)
reach the HPGe targets, their energy deposition falls in the same range as that of
the WIMP interactions and there is deposit energy in only a Ge module (see Tab.1).
As 0.01 of them are not tagged in the Gd-LS, these background events cannot be
eliminated. The uncertainty of the neutron background from the copper vessels
are from the binned neutron spectra in the Ref.[15]. But the neutron background
errors from the statistical fluctuation (their relative errors are less than 1%) are
too small to be taken into account.
4.1.2 Neutrons from front-end electronics
The U and Th contaminations in the Copper material are considered as the only
neutron source in the front-end electronics in the Ge modules. If we assume that
a 2 ppb U/Th concentrations in the copper material and their total volume with
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about 500 cm3, there are 25 neutrons produced by the all front-end electronics per
year.
The simulation result is summarized in Tab.1. 1.70 neutron events/(ton·yr)
reach the HPGe targets, their energy deposition falls in the same range as that of
the WIMP interactions and there is deposit energy in only a Ge module (see Tab.1).
As 0.038 of them are not tagged in the Gd-LS, these background events cannot be
eliminated. The uncertainty of the neutron background from the copper vessels
are from the binned neutron spectra in the Ref.[15]. But the neutron background
errors from the statistical fluctuation (their relative errors are less than 1%) are
too small to be taken into account.
4.1.3 Neutrons from other components
The U and Th contaminations in other detector components also contribute to
the neutron background in our experiment setup. Neutrons from the aluminum
reflectors are emitted with the average energy of 1.96 MeV[15]. The U and Th con-
taminations in the carbon material are considered as the only neutron source in
the Gd-LS/LS. Neutrons from the Gd-LS/LS are emitted with the average energy
of 5.23 MeV[15]. The U and Th contaminations in the quartz material are consid-
ered as the only neutron source in the PMTs in the oil. Neutrons from PMTs are
emitted with the average energy of 2.68 MeV[15]. The U and Th contaminations
in the iron material are considered as the only neutron source in the stainless steel
tanks. Neutrons from the stainless steel tanks are emitted with the average energy
of 1.55 MeV[15]. We evaluated the neutron background from the above compo-
nents using the Geant4 simulation. All the nuclear recoils in the HPGe targets,
which is in the same range as that of the WIMP interactions and and there is
deposit energy in only a Ge module, are tagged. The neutron background from
these components can be ignored.
4.2 Neutron background from natural radioactivity in the
surrounding rock
In the surrounding rock, almost all the neutrons due to natural radioactivity are
below 10 MeV [7, 18]. Water can be used for shielding neutrons effectively, es-
pecially in the low energy range of less than 10 MeV [19]. The Ge detectors are
surrounded by about 2.5 meters of water and more than 1 meter of Gd-LS/LS, so
these shields can reduce the neutron contamination from the radioactivities to a
negligible level.
4.3 Neutron background due to cosmic muons
Neutrons produced by cosmic muon interactions constitute an important back-
ground component for dark matter searches. These neutrons with a hard energy
spectrum extending to several GeV energies, are able to travel far from produced
vertices.
The total cosmogenic neutron flux at a depth of 910 m.w.e. is evaluated by a
function of the depth for a site with a flat rock overburden [20], and it is 1.31×10−7
cm−2s−1 . The energy spectrum (see Fig.2) and angular distribution of these
neutrons are evaluated at the depth of 910 m.w.e. by the method in [20, 21]. The
neutrons with the specified energy and angular distributions are sampled on the
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surface of the cavern, and the neutron interactions with the detector are simulated
with the Geant4 package. Tab.1 shows that 31.5 neutron events/(ton·yr) reach the
HPGe targets, their energy deposition is in the same range as that of the WIMP
interactions and there is deposit energy in only a Ge module. 0.24 of them are
not tagged by the Gd-LS/LS. Muon veto systems can tag muons very effectively,
thereby most cosmogenic neutrons can be rejected. The water Cherenkov detector
in our simulation are used to tag cosmic muons and then reject them. These
detectors are similar to the ones in the Daya Bay experiment, and the muon
rejection is consistent with the result of the Daya Bay experiment, that is the
contamination level can even be reduced by a factor of about 30[12]. This could
lead to the decrease of cosmogenic neutron contamination to 0.008 events/(ton·yr).
The uncertainties of the cosmogenic neutron background in Tab.1 are from the
statistical fluctuation.
5 Rough estimation of other background
Besides neutron background, other background events are mainly from reactor
neutrino events and electron recoils in the experimental design in the present
paper. The contamination caused by electron recoils consists of bulk electron
recoil events and surface events.
5.1 Contamination due to reactor neutrino events
Since neutrino detectors are fairly close to nuclear reactors (about 2 kilometers
away) in reactor neutrino experiments, a large number of reactor neutrinos will
pass through the detectors, and nuclear recoils will be produced by neutrino elastic
scattering off target nucleus in the WIMP detectors. Although neutrinos may be a
source of background for dark matter searches, they can be reduced to a negligible
level by setting the recoil energy threshold of 10 keV[22]. Besides, nuclear recoils
may also be produced by low energy neutrons produced by the inverse β-decay
reaction ν¯e+ p→ e
++n. But their kinetic energies are almost below 100 keV[23],
and their maximum energy deposition in the WIMP detectors is as large as a few
keV. Thus the neutron contamination can be reduced to a negligible level by the
energy threshold of 10 keV.
5.2 Contamination due to electron recoils
Nuclear recoils can be efficiently discriminated from electron recoils with hybrid
measurements. The cryogenic Ge detectors measure both ionization and heat sig-
natures, and the rejection power against electron recoil events can reach 106[1].
The surviving electron recoils are mainly from surface events by this technique.
Particle interactions may suffer from a suppressed ionization signal if the interac-
tions occur in the first few microns of the crystal surfaces. For events interacting
in the first few microns the ionization loss is sufficient to misidentified these as nu-
clear recoils. And they are referred to as surface events, which mainly occur due to
radioactive contamination on Ge crystal surfaces[24]. The radioisotope 210Pb is a
major component of the surface events, which plate-out from radon exposure dur-
ing detector production[25]. Here we assume that the surface event rate is about 1
counts/Ge module/day, according to the ref.[26]. Considering the rejection power
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against electron recoils with O(106), we roughly estimate that the surface event
contamination is about 0.4 events/(ton·yr).
6 Conclusion and discussion
The neutron background can be effectively suppressed by the neutrino detector
used as the neutron veto system in direct dark matter searches. Tab.1 shows the
total neutron contamination are 0.056 events/(ton·yr). And compared to Ref.[8],
it is reduced by a factor of about 5. This decrease is caused by the reason that
the neutron contamination is mainly from the PMTs in the Xenon detector, but
there are no photomultiplier tubes (PMTs) in the HPGe detector. According to
our work, the neutron background is mainly from its front-end electronics in this
configuration with the HPGe targets. Compared to electron recoils[11], the es-
timated neutron contamination in the paper can be ignored. After finishing a
precision measurement of the neutrino mixing angle θ13, we can utilize the exist-
ing experiment hall and neutrino detectors. This will not only save substantial
cost and time for direct dark matter searches, but the neutron background could
also decrease to O(0.01) events per year per tonne of HPGe in the case of the
Daya Bay experiment. According to Ref.[20], The neutron fluxes in the RENO
(in an underground laboratory with a depth of 450 m.w.e.), Double CHOOZ (in
an underground laboratory with a depth of 300 m.w.e.) experiments[27, 28] are
respectively about 5 and 3 times more than that of the Daya Bay experiment. So
their neutron backgrounds are roughly estimated to be about 0.1 events/(ton·yr),
if their detector configurations are the same as the one described above. In the
case of the CDMSII (in an underground laboratory with a depth of 2100 m.w.e.)[1],
its neutron flux is reduced by a factor of about 10. If its detector is the same as
the one described above, its neutron background is roughly estimated to be about
0.05 events/(ton·yr) (its cosmogenic neutron background can be ignored.)
To evaluate the detector capability of directly detecting dark matter, we assume
a standard dark matter galactic halo[29], an energy resolution that amounts to 25%
for the energy range of interest and 32% nuclear recoil acceptance[30].
If no signals are significantly observed, a sensitivity to WIMP-nucleon spin-
independent elastic scattering can be calculated via the same method as Ref.[31].
Our calculation shows that an exposure of one tonne × year could reach a cross-
section of about 2×10−11pb at the 90% confidence level (see Fig.3).
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10keV<Erecoil<100keV and only a Ge module Not Tagged
copper vessels 0.39±0.02 0.01±0.004
front-end electronics 1.70±0.06 0.038±0.01
cosmic muons 31.5±1.59 0.24±0.14
muon veto 1.05±0.29 0.008±0.025
total(muon veto) 3.1±0.30 0.056±0.027
Tab. 1: Estimation of neutron background from different sources for an un-
derground laboratory at a depth of 910 m.w.e. The column labeled
"10keV<Erecoil<100keV and only a Ge module" identifies the number of
neutrons whose energy deposition in the Ge is in the same range as WIMP
interactions and there is deposit energy in only a Ge module. The col-
umn labeled "Not Tagged" identifies the number of neutrons which are
misidentified as WIMP signatures (their energy deposition in the Ge is
in the same range as WIMP interactions while their recoil energies in the
Gd-LS/LS are less than the energy threshold of 1 MeV). The row labeled
"copper vessel" identifies the number of neutrons from the copper vessels.
The row labeled "front-end electronics" identifies the number of neutrons
from the front-end electronics. The row labeled "cosmic muons" identifies
the number of cosmogenic neutrons in the case of not using the muon veto
system. The row labeled "muon veto" identifies the number of cosmogenic
neutrons in the case of using the muon veto system. We assume that neu-
tron contamination level from cosmic muons decreases by a factor of 30
using a muon veto system. Only the total background in the case of using
the muon veto system is listed in this table. The terms after ± are errors.
7 Acknowledgements 11
Helium
Fig. 1: (a): Ge Module with HPGe material(length unit, cm), (b): WIMP detector
with 246 Ge Modules(length unit, cm), (c): a neutrino detector where a
WIMP detector is placed, (d): four WIMP detectors individually placed
inside four neutrino detectors in a water shield.
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Fig. 2: The energy spectrum of cosmogenic neutrons at depth of 910 m.w.e.
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Fig. 3: We calculate the sensitivity to spin-independent WIMP-nucleon elastic
scattering assuming an exposure of one tonne × year. The calculation
shows this exposure could reach a cross-section of about 2×10−11pb at the
90% confidence level. The tool from Ref.[32] has been used.
